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ABSTRACT
We present an analysis of radio (Karl G. Jansky Very Large Array (VLA)), optical
(HST), and X-ray (Chandra and XMM-Newton) observations and archival data of the
Herbig-Haro objects HH 80 and HH 81 in the context of jet-cloud interactions. Our
radio images are the highest angular resolution to date of these objects, allowing to
spatially resolve the knots and compare the regions emitting in the different spectral
ranges. We found that soft X-ray thermal emission is located ahead of the non-thermal
radio peak. This result is consistent with a radiative forward shock that heats the
shocked gas up to 106K, and an adiabatic reverse shock able to accelerate particles
and produce synchrotron radiation detectable at radio frequencies. These high angular
resolution radio images also reveal a bow shock structure in the case of HH 80N, being
the first time this morphology is detected in a Herbig-Haro object at these frequencies.
Key words: (ISM:) Herbig-Haro objects – acceleration of particles – radio continuum:
ISM – X-rays: ISM
1 INTRODUCTION
The earliest stages of star formation are characterized by
strong accretion at the same time that the protostar drives
powerful collimated winds (jets). One of the clearest mani-
festations of ejected material from protostars are the Herbig-
Haro objects (HH), observed at parsec scales. These objects
trace shocks produced by the interaction of a supersonic jet
with the environment. Since their discovery (Herbig 1951
and Haro 1952), HH objects have been studied in different
spectral ranges, e.g. optical, infrared, radio, and recently,
also X-ray emission has been reported in a few of these
(Pravdo et al. 2001; Favata et al. 2002; Bally et al. 2003;
Pravdo et al. 2004; Tsujimoto et al. 2004).
Objects HH 80 and HH 81 (HH 80/81 henceforth) were
discovered by Reipurth & Graham 1988 at the edge of the
L 291 molecular cloud, that constitutes a place of recent
star formation located at a distance of 1.7 kpc. The source
IRAS 18162-2048 is associated with a massive B-type proto-
star surrounded by an accretion disk (e.g. Carrasco-Gonza´lez
? E-mail: adriana.rodriguez@unc.edu.ar
et al. 2012, Girart et al. 2018) and seems to be the powering
source of HH80/81. HH 80 and HH 81 were the first HH ob-
jects discovered at radio frequencies (Rodr´ıguez & Reipurth
1989), with a flux density of a few mJy. Later, their northern
counterpart was identified at radio frequencies by Marti et
al. (1993) as HH 80 North (HH 80N). This deeply embedded
object is the first HH recognized as such being only detected
at radio frequencies; its HH nature was later corroborated
by photochemical effects detected in a molecular gas con-
densation and dust located in front of this object (Girart et
al. 1994, Girart et al. 1998; Masque´ et al. 2009).
The protostar-disk system drives a very powerful jet,
which shows radio emission up to 3 pc (e.g. Marti et al.
1993). The HH 80-81 jet represents the most clear case of
a protostellar jet with presence of non-thermal radio emis-
sion. Near its driving source (up to ∼0.5 pc), this emis-
sion shows negative spectral indices (Marti et al. 1993;
Rodr´ıguez-Kamenetzky et al. 2017). Polarized radio emis-
sion was also detected in this region of the jet, thus confirm-
ing its synchrotron nature (Carrasco-Gonza´lez et al. 2010).
These previous works show that the HH 80-81 jet is power-
ful enough to accelerate particles at strong shocks. Despite
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being located at large distances from the protostar, HH ob-
jects also seem to present a non-thermal component of radio
emission. This can be inferred from the detection of very
negative spectral indices (α = −0.3 a −0.7; e.g., Marti et al.
1993, Vig et al. 2018) measured in low angular resolution
observations.
Kinematic studies of HH 80, HH 81, and HH 80N
(hereafter HH 80/81/80N), reveal proper motions of ∼200-
400 km s−1 (Masque´ et al. 2015, Heathcote et al. 1998), while
the velocity of the jet material is about 1000 km s−1 (Marti
et al. 1995). This implies that the fast jet brakes during
its interaction with the molecular cloud, giving rise to HH
objects. According to theoretical models, particle accelera-
tion can take place in this scenario (e.g., Araudo et al. 2007,
Bosch-Ramon et al. 2010, Romero et al. 2010), which could
explain the presence of synchrotron emission in these ob-
jects. These models predict emission in a wide range of wave-
lengths, ranging from radio to γ-rays. However, these objects
are usually embedded in molecular clouds, which makes their
detection, at high energies, difficult due to extinction by
foreground material. In the last years, both theoretical and
observational studies have been carried out to investigate
particle acceleration in protostellar jets (e.g., Rodr´ıguez-
Kamenetzky et al. 2016, Rodr´ıguez-Kamenetzky et al. 2017,
Ainsworth et al. 2014, Padovani et al. 2015, Padovani et al.
2016), nevertheless, it still remains unclear how particles ac-
celerate in these systems. In this sense, Herbig-Haro objects
HH 80 and HH 81 constitute an excellent case to study the
jet-cloud interaction, since besides being detected at optical
wavelengths, they are also detected at radio continuum and
X-rays.
Here we analyze radio (VLA1), optical (HST), and X-
ray (Chandra and XMM-Newton) emission, associated with
these objects. Our high angular resolution radio images al-
lows us to study their morphology and also compare the
emitting regions in the different spectral ranges we worked
with. This, along with a spectral analysis of radio and x-
ray emission lead us to propose a scenario for the jet-cloud
interaction.
2 OBSERVATIONS
2.1 Radio continuum
Here, we analyze C-band data obtained with the VLA in
2009 and 2012. Data from 2009, previously presented by
Carrasco-Gonza´lez et al. 2010, was obtained at C configu-
ration with a 100 MHz bandwidth (see Carrasco-Gonza´lez
et al. 2010 for a full description of the calibration process).
Data from 2012, reported in Rodr´ıguez-Kamenetzky et al.
2017, were obtained with the VLA in B configuration, with
a bandwidth of 1 GHz (L-band) and 2 GHz (S and C bands)
(a complete description of the data and calibration process
can be found in Rodr´ıguez-Kamenetzky et al. 2017).
For this data set we obtained different images. We have
built a 2 GHz bandwidth image centered at 5.5 GHz using
1 Very Large Array, of the National Radio Astronomy Observa-
tory (NRAO). The NRAO is a facility of the National Science
Foundation operated under cooperative agreement by Associated
Universities, Inc.
briggs weighting (Briggs 1995) with robust2=1.5. To study
the morphology of these objects we combined 5.5 GHz data
taken in C and B configurations (previously described). By
combining these observations, it is possible to achieve im-
ages sensitive to both extended and compact structures as-
sociated with HH objects. Different weightings were used,
taking the parameter robust equal to -1 and 0.
The values of angular resolution and sensitivity for the
images we obtained are ∼ 1′′-2′′ and 15-18µJy/beam, respec-
tively. On the other hand, since the largest detectable an-
gular scales are 30′′ (B-configuration data) and 240′′ (C/B-
configuration data), the extended emission of HH objects
(∼ 4′′) is well detected. Detailed information on the param-
eters of the images presented in this work are summarized
in Table 1.
2.2 X-rays
Objects HH 80/81 were observed with the Chandra satel-
lite in 2006 (obsid 6405) by Pravdo et al. (2009), using the
“Advanced CCD Imaging Spectrometer” (ACIS) (Garmire
et al. 2003). The data was downloaded from HEASARC3
archives, and processed with the software “Chandra Inter-
active Analysis of Observations” (CIAO) (Fruscione et al.
2006), version 4.6, with upgraded calibrations (CALDB ver-
sion 4.6.3). Images in different bands were made using the
dmcopy and csmooth tools of CIAO: 0.3-1.2 keV (soft),
4.5-10.0 keV (hard), and 0.3-10.0 keV (total); the pixel scale
was 0.125 arcsec. To favor the detection of extended struc-
tures we used a Gaussian smoothing Kernel whose FWHM
was 3-4 pixels, depending on the local S/N ratio.
We also analyzed observations of HH 80 and HH 81
performed with XMM-Newton in 2003 (obsid 0149610101,
P.I. Steven Pravdo) with a total exposure time of 47 ksec,
available in the HEASARC archive. These observations were
made using the EPIC-pn detector only, which offers the most
sensitive spectra; the MOS detectors were not used to avoid
cross-calibration problems between instruments. Spectral
extraction and high-period background filtering process were
performed with the software SAS version 16.1.0 (Gabriel
et al. 2004), especially developed for XMM -Newton. High-
period background events can be due to solar flares and/or
cosmic rays, and must be removed from the observations
in order to not affect the results. With this purpose we ex-
tracted the light curve from the background to detect peri-
ods of time where the background is high.
2.3 Optical
In this paper we compare radio and X-ray emission with op-
tical images taken with the Hubble Space Telescope. These
images were obtained and published by Heathcote et al.
1998, and correspond to three atomic line filters: Hα+[NII],
[SII], and [OIII]. In the case of HH objects, these transi-
tions are commonly excited by collisions, being Hα+[NII]
and [SII] usually detected with relatively intense emission.
Nevertheless, the high excitation line [OIII] is only detected
2 The robust parameter ranges from −2 (uniform weighting) to
+2 (natural weighting)
3 https://heasarc.gsfc.nasa.gov
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when strong shocks take place, implying shock velocities of
∼ 700 km s−1 (Heathcote et al. 1998). These images are the
highest quality and angular resolution image obtained for
HH 80/81 in the optical range, and are only used with the
purpose of comparing the morphology of these objects with
their emission at radio and X-ray frequencies.
3 RESULTS AND ANALYSIS
We analyze and discuss the optical, X-ray, and radio emis-
sion associated with Herbig-Haro objects HH 80/81, and
their counterpart, HH 80N, detected at centimeter wave-
lengths only.
3.1 Radio continuum
In order to illustrate the position of the HH 80/81 objects
with respect to the driving source of the HH 80-81 jet, we
show in Figure 1 (panel a) a radio continuum image at 5 GHz
previously reported by Carrasco-Gonza´lez et al. 2010, where
the full extension of the jet can be seen (∼ 7.5 pc, Heathcote
et al. 1998) with relatively low angular resolution (13”×8”,
PA=2◦). In this image we label the central source associated
with the protostar (IRAS 18162-2048) and Herbig-Haro ob-
jects HH 80/81/80N. Also, in the innermost region of the jet,
the structure of two lobes emerging from the central source
in opposite directions (NE-SW) is clearly identified with a
total extension of '1 pc. Panels b, c, and d, show the HH
objects with higher angular resolution (of about 2′′ × 1′′ for
HH 80N, and 3′′ × 2′′ for HH 81 and HH 80).
3.1.1 Morphology
To study the morphology of HH 80/81/80N at centime-
ter wavelengths, we analyze images that combine JVLA
data corresponding to different configurations (see Table 1).
These images allow the detection of compact emission re-
gions, without losing information on extended structures,
and represent the highest angular resolution radio images
obtained to date for these objects. Thereby, for the first time,
it is possible to study the radio morphology of HH objects
in this system, and its relation with components dominated
by emission in different spectral ranges. In Figure 1 we show
the objects HH 80N, HH 81, and HH 80 in panels b, c, and
d, respectively, whereby the knots identified at optical wave-
lengths by Heathcote et al. 1998 are labeled. A comparison of
the locations of radio continuum emission and optical emis-
sion lines reveals that the radio emission is tracing shocks
produced by the interaction of material ejected by the proto-
star with the ambient medium. With the angular resolution
achieved, we can see that both HH 80 (A and G) and HH 81
(A) are elongated in the jet direction, having its maximum
emission at the apex, consistent with what is expected to be
observed in a marginally resolved bow-shock. However, to
be able to observe the working surface morphology, higher
angular resolution observations are needed. In this sense, the
object HH 80N constitutes an interesting case, since our high
angular resolution images allow for the first time to resolve
its morphology, showing details that can not be seen in HH
80/81. Due to the high extinction produced by the molecular
cloud, this object is only detected at radio wavelengths, and
reveals a complex structure, e.g., flattened at the frontal re-
gion of the shock, with presence of high intensity spots and
a weak emission tail elongated towards the protostar (see
Figure 1b).
3.1.2 Time variability
Regarding time variability of the radio emission, most of
the radio jets that have been monitored show no variability
above a 10-20% level. There are, however, cases where vari-
ability has been detected on timescales of years (Anglada et
al. 2018). The study of the time variability of HH objects
is even more limited than that of radio jets. For example,
in the case of HH 1 and HH 2 variations in the optical and
radio emission of up to a factor of two have been found over
timescales of 20 years (Rodr´ıguez et al. 2018). Assuming this
variation was smooth, it implies that over a timescale of 3
years (as in our case) we could expect variations of order
15%. We do not expect similar variations to affect signifi-
cantly our conclusions.
3.2 X-ray emission
To study the X-ray emission detected in the region of
HH 80/81 we analyze archival data from Chandra and
XMM-Newton missions in three spectral ranges, i.e., hard:
4.5-10.0 keV; soft: 0.3-.2 keV; total: 0.3-10.0 keV. The high
resolution images obtained with Chandra allow us to identify
soft and hard emission regions associated with these objects,
while high sensitivity data obtained with XMM-Newton, al-
lows us to specify the nature of the dominant emission in
the range 0.3-10.0 keV through a spectral analysis.
The spectral fit was performed with the X-ray Spectral
Fitting Package XSPEC. We extracted the spectrum of each
source in circular regions in the range 0.3-10.0 keV, consid-
ering events with patterns 0-4, and using the dmextract
function of SAS. These circular apertures were chosen to be
the smallest that include the extended emission of the HH
objects, and preserve a good S/N ratio, i.e., 30′′ (HH 80)
and 17′′ (HH 81) diameter. The spectral fit uses the sky
background information simultaneously, selected from a re-
gion located in the vicinity of the sources. Finally, to en-
sure a reliable statistic χ2, each spectrum was sampled to
have at least 15 events per bin in the spectrum extracted
from the sky background. This procedure was performed
with the function grppha of FTOOLS. In Figure 2 we show
the X-ray emission detected in the region of HH 80 (bottom
panels) and HH 81 (upper panels) with Chandra (contours)
and XMM-Newton (color scale), in the three spectral ranges
mentioned above. Magenta circles indicate the regions where
the XMM-Newton spectra were extracted.
In both cases, the spectral analysis shows that the emis-
sion at low energies (.1 keV) can be described by a ther-
mal emission model for hot diffuse gas4, however this model
seems to underestimate the emission at energies higher than
∼ 1 keV. We also tried to fit the spectrum by combining two
thermal components, but this implies the presence of diffuse
gas at excessively high temperatures (∼ 100 × 106 K). Such
4 The model used was mekal, based on Mewe and Kaastra calcu-
lations (Mewe et al. 1985; Mewe et al. 1986; Liedahl et al. 1995).
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high temperatures require shock velocities about 2000-3000
km s−1, and therefore, very high jet velocities (vjet > vshock,
since the knots are braking), which does not represent a
realistic scenario in the case of HH objects. Therefore, the
spectrum in the range 0.3-10.0 keV cannot be described by
a thermal emission model only. The best fit (χ2 = 30.1 with
28 degrees of freedom) was obtained by the addition of a
thermal emission component and a non-thermal component,
modeled by a power law of the form A(E) = KE−γ (being
γ the dimensionless photon index in the power law, and K
the normalization factor [photons/keV/cm2/s at 1 keV]).
Both components are affected by a photo-electric absorption
model M(E) = exp[−NHσ(E)], being σ(E) the photo-electric
cross section (Morrison & McCammon 1983), and NH the
hydrogen column density (in units of 1022 atoms cm−2). By
knowing NH , the visual extinction (AV ) can be estimated
with the expression NH (cm−2) = (2.21±0.09)×1021AV (mag)
(Gu¨ver & O¨zel 2009). Thus, we calculate a visual extinction
of AV = 2.79 mag and AV = 3.37 mag for HH 80 and HH 81,
respectively. These values are near to those obtained by
Heathcote et al. (1998) in the optical range (AV = 2.33 mag).
The spectral fit is shown in Figure 3, and the derived pa-
rameters (NH , kT, and γ) are listed in Table 2.
In the following sections we analyze the soft and hard
emission detected in the region of the HH 80/81 objects.
3.2.1 Soft X-rays
In the images obtained with XMM-Newton data (Figure 2,
color scale) we can clearly see that in both cases the domi-
nant radiation associated with HH objects is detected in the
soft band. In the same energy range, Chandra images (con-
tours) reveal that this emission comes from a more compact
region, whose morphology is elongated in the direction per-
pendicular to the jet axis. The spectral analysis shows that
soft X-ray emission is consistent with thermal emission from
diffuse gas with temperatures of the order ∼ 106 K (Table
2), that could be heated by compression in a radiative shock
produced by the interaction of the jet with the molecular
cloud, as we discuss in Section 4. Knowing the temperature
of the gas and using the expression presented by Raga et al.
(2002), it is possible to estimate the propagation velocity of
the shock (Vshock = (T/15)1/2 km s−1, being T the tempera-
ture of the shocked gas, in K). Thus, for HH 80 and HH 81
we obtain a velocity of ∼ 300 km s−1, in agreement, within
errors, with values derived for the brightest knots identified
at optical wavelengths by Heathcote et al. (1998), and radio
continuum (6 cm) by Masque´ et al. (2015) (See Section 3.3).
3.2.2 Hard X-rays
Hard X-ray emission is clearly detected in the XMM Newton
images (Figure 2, color scale) and spectrum (Figure 3, lower
panel) of HH 80. A similar detection in the image is not clear
in the case of HH 81, but the spectrum of this source shows
emission in the hard X-ray spectrum (Figure 3, upper panel).
In both cases, the emission in the hard band can only be
interpreted in therms of a non-thermal emission component.
In the case of HH 80, Chandra images (contours in
Figure 2, panel f) reveal the presence of a very com-
pact source. This source has previously been interpreted by
Lo´pez-Santiago et al. (2013) as synchrotron radiation of par-
ticles accelerated in the frontal shock. However, the analysis
we present in this work suggests that it could be the case
of a background source, since this compact source does not
seem to be associated with emission detected in any other
spectral bands (see Section 3.3). In order to investigate the
nature of this compact hard source detected by CHANDRA,
we obtained total fluxes by integrating the spectrum in the
different bands in both, CHANDRA and XMM Newton, and
we compared them. From this, we estimated upper limits to
the contribution of this source at the different energy ranges.
For instance, the contribution of this source to the whole
spectrum (0.3-10 keV range) is less than 10%, and the con-
tribution to the hard part of the spectrum (4.5-10 keV) is
less than 20%. The contribution to the soft band (0.3-2 keV)
where the thermal X-ray emission is detected, is less than
5%. Then, from this we conclude that the contribution of
this source to the thermal spectrum is negligible. We also
conclude that the compact hard X-ray source detected by
CHANDRA is not able to explain all the emission detected
in the hard band with XMM Newton. On the other hand, the
spectrum of HH 81 also reveals the existence of a hard non-
thermal component that, in this case, cannot be detected in
the images taken with Chandra nor XMM-Newton.
These evidences suggest that X-ray non-thermal emis-
sion is actually arising from a diffuse and faint component
present in both HH 80/81. This emission becomes detectable
only in the spectrum integrated over all the region surround-
ing the HH objects. Moreover, the photon spectral index of
the power law is, in both cases, −0.9 (see Table 2). This gives
a nearly flat energy spectral index of +0.1, that definitely
rules out extension of radio synchrotron to X-ray regime.
One possible interpretation is that this emission could be
due to inverse Compton scattering (IC) of thermal infrared
from the ambient cloud, produced by relativistic particles
accelerated in the reverse shock, or present in the molecular
cloud (e.g. Vig et al. 2018). However, to identify the pro-
cesses that can produce this radiation, a deeper and detailed
study is required, using higher sensitivity X-ray images.
3.3 Multifrequency analysis: optical, radio, and
X-rays
Theoretical models of shocks produced by the interaction of
protostellar jets with the ambient medium, predict emission
over a wide range of wavelengths, from radio to gamma-
rays (e.g., Araudo et al. 2007; Bosch-Ramon et al. 2010;
Romero et al. 2010). Nevertheless, the absorption produced
by the molecular cloud hinders the detection of high energy
radiation in these shocks, and therefore, only in a few cases
has it been possible to study the X-ray emission associated
with them.
In Figure 4 we present images of HH 80/81 showing
X-rays detected with Chandra (red and black contours)
and 5.5 GHz radio continuum (blue contours) over optical
images obtained with the HST in three filters (Hα+[NII],
[SII], and [OIII]). These filters correspond to the emission of
species with different excitation/ionization potential. These
elements can be excited by collisions that take place at the
interaction of the jet with the ambient medium, and depend-
ing on the energy involved in the shock, different species can
be excited. Thus, emission lines with high ionization poten-
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tial (e.g., [OIII]) trace strong shocks, while emission lines
with low excitation/ionization potential (e.g., Hα+[NII] and
[SII]) are associated with less energetic shocks.
We can see in Figure 4 that the soft X-rays detected
by Chandra (red contours) trace emission associated with
the brightest knots identified in the optical range by Heath-
cote et al. 1998 (HH 81A, HH 80A, HH 80G, and HH 80C,
in gray scale), who also report their tangential velocities:
370±17 km s−1 (HH 81A), 334±23 km s−1 (HH 80A),
511±81 km s−1 (HH 80G), and 74±46 km s−1 (HH 80C).
Faster ones (HH 81A, HH 80A, and HH 80G) present [OIII]
emission, and also match radio continuum sources (blue con-
tours), whose velocities are 351±104 km s−1 (HH 80) and
223±85 km s−1 (HH 81) (Masque´ et al. 2015), in agreement
with those estimated by Heathcote et al. (1998). In the ob-
servations reported by Masque´ et al. (2015), knots HH 80A
and HH 80G cannot be spatially resolved (beam=6”×4”),
and therefore, the HH 80 velocity represents the HH 80A-
HH 80G system velocity. Considering a jet inclination of 49◦
(Girart et al. 2018), the absolute velocities of these knots
are: 564±26 km s−1 (HH 81A), 509±35 km s−1 (HH 80A),
779±123 km s−1 (HH 80G), 113±70 km s−1 (HH 80C),
535±158 km s−1 (HH 80), and 340±130 km s−1 (HH 81).
On the other hand, black contours clearly reveal that hard
X-ray emission arises from a very compact source, which is
not associated with any optical or radio structures tracing
shocks.
The high angular resolution images in Figure 4 allow us
to identify the regions emitting radio and soft X-ray radia-
tion, associated with HH objects. We can see that soft X-rays
emission present a morphology elongated in the direction
perpendicular to the jet axis, and is located in front of the
radio emission peak of HH 81A, HH 80A, and HH 80G. The
separation of radio and X-ray emission peaks in the plane
of the sky are about 3000 au (∼ 1.′′8 ± 0.′′5) in the case of
HH 81A, and 1000 au (∼ 0.′′6 ± 0.′′5) in the case of HH 80A
and HH 80G. Here, errors were calculated as the quadratic
sum of the astrometric accuracy in the X-ray (0.5 arcsec)
and radio (0.1 arcsec) images. Therefore the observed offset
seem to be real. On the other hand, the spectral analysis
indicates that soft X-rays are tracing thermal emission pro-
duced by high temperature gas (∼ 106 K), while centimeter
emission is dominated by optically thin synchrotron radi-
ation, due to its negative spectral indices (α = −0.3 ± 0.1;
Marti et al. 1993).
In the context of a jet interacting with the parent cloud,
these results indicate that the observed emission can be nat-
urally explained by the formation of a radiative forward
shock, and an adiabatic reverse shock (Mach disk). In a
shock that propagates with velocities of several hundreds
km s−1 (as is the case of HH 81 A, HH 80A, and HH 80G),
material shocked in the molecular cloud can be heated by
collisions, reaching high temperatures (e.g., ∼ 106 K, derived
from the spectral fit). Gas at such temperatures produce
X-ray thermal emission. On the other hand, non-thermal
emission detected at radio frequencies can be interpreted as
synchrotron radiation produced by particles accelerated in
the reverse shock. Thus, initially thermal particles, could
increase their energy to relativistic values by diffusing back
and forth across the Mach disk, via DSA (e.g., Krymskii
1977, Axford et al. 1977, Bell 1978a, Bell 1978b, Bland-
ford & Ostriker 1978). This scenario is consistent with re-
sults obtained in shocks observed in the triple radio contin-
uum source in Serpens (Rodr´ıguez-Kamenetzky et al. 2016)
and in the inner region of the HH 80-81 jet (Rodr´ıguez-
Kamenetzky et al. 2017).
Regarding the case of HH 80C, we can see that this ob-
ject does not present emission detected in radio nor [OIII].
Its soft X-ray emission is associated with optical emission
corresponding to low ionization/excitation potential species
(Hα+[NII], [SII]), indicating that this is the case of a rela-
tively weak shock, in agreement with its velocity, consider-
ably lower (i.e., 74±46 km s−1). In this case, the jet-cloud
interaction could increase the temperature of the shocked
gas and produce thermal emission detectable at soft X-rays,
but it would not be energetic enough to accelerate parti-
cles at relativistic energies in the Mach disk and produce
non-thermal emission at radio frequencies.
4 JET TERMINATION SHOCKS
The leading working surface at the jet termination region
is composed by a bow shock and a reverse shock (or Mach
disc), as is shown in Figure 5. The multiwavelength data an-
alyzed in this paper indicate that X rays come from the bow
shock in the external medium, whereas synchrotron radio
emission is produced in the jet reverse shock.
4.1 Thermal emission from the bow shock
The X-ray emission from HH 81A and HH 80A is consistent
with thermal emission from diffuse gas at a temperature
of ∼ 106 K, implying a shock velocity ∼ 300 km s−1, in
agreement with proper motion measurements. The thermal
cooling length dth in the shocked plasma behind the bow
shock is(
dth
cm
)
∼ 3 × 1016
(
namb
100 cm−3
)−1 ( vbs
300 km s−1
)4.5
(1)
(e.g. Raga et al. 2002), being namb the density of the medium
in which the jets propagates, and vbs the bow shock velocity.
We can see from Figure 4 that the extension of the soft X-
ray emission (red contours) is ∼ 2 arcsec (∼ 5×1016 cm), and
therefore the density of the molecular cloud has to be nmc >
100 cm−3 for the bow shock to be radiative. In the opposite
case, i.e. nmc < 100 cm−3, the bow shock would be adiabatic.
Radiative bow shocks are expected to be thin regions given
the condition dth < rj (e.g. Blondin et al. 1990), whereby rj
is the jet cross-sectional radius at the position of the bow
shock (i.e. HH 80) from the protostar. Here, the derived
charateristic dimension of the thermal emitter (∼ 5×1016 cm)
can be also the result of the poor spatial resolution of the
instrument; therefore we are not able to specify if the bow
shock is adiabatic or radiative.
However, HH 80 and HH 81 are located in the outskirts
of the molecular cloud where it is expected to be a diluted
environment. Then, even when the bow shock is adiabatic,
shocks with 300 km s−1 in a partially-ionized plasma (as
molecular clouds) are not expected to be good particle ac-
celerators given that diffusive Alfven waves are damped by
ion-neutral collisions (e.g. O’C Drury et al. 1996, Padovani
et al. 2015).
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4.2 Synchrotron radio emission from the reverse
shock
According to the scenario proposed in this study, the non-
thermal emission at 5 GHz can be produced by a popu-
lation of relativistic electrons accelerated via the Fermi I
mechanism in the jet reverse shock (Bell 1978). We consider
that non-thermal electrons in HH 80A and HH 81A follow a
power-law energy distribution with the −2 canonical index.
In the equipartition regime, with non-thermal electrons, the
magnetic field in the reverse shock downstream region can
be estimated as:
(
Beq
mG
)
∼ 0.25 (1 + a) 27
(
f
mJy
) 2
7
(
V
4 × 1048cm−3
)− 27
. (2)
where a is the ratio of non-thermal protons to electrons,
f is the flux density at 5.5 GHz, and V is the volume of
the synchrotron emitter. From Figure 1 we can see that the
synchrotron emission (at 5.5 GHz) in HH 80A presents a
more circular geometry, whereas HH 81A is more elongated.
Therefore, we assume that V = (4/3)pir3 in the former case,
and V = (4/3)pir2l in the latter, being l ∼ 7×1016 cm and r ∼
5 × 1016 cm dimensional parameters derived from Gaussian
fits to the emission of the knots in our images. Thus, for
an estimated flux density of ∼500 µJy, and considering a =
0 and a = 40 (Beck & Krause 2005), Equation 2 gives a
magnetic field of the order Beq ∼ 0.1 mG. It is worth noting
that values of Beq ∼ 0.1 mG have been obtained in other
protostellar jets such as IRAS 16547-4247 (Araudo et al.
2007) and the central part of HH 80-81 (Carrasco-Gonza´lez
et al. 2010).
5 CONCLUSIONS
We analyzed observations in the radio (VLA), optical
(HST), and X-ray (Chandra and XMM-Newton) ranges
of the Herbig-Haro objects HH 80 and HH 81. The radio
observations we present in this work are the highest angular
resolution to date, allowing to compare with much more
precision the emission regions and their morphology, with
optical and X-ray radiation. Likewise, we studied the spec-
tral nature of these objects at radio frequencies and X-rays.
The object HH 80N, detected at centimeter wavelengths,
reveals a clear bow shock structure, observed for the first
time in a Herbig-Haro object in this spectral range. The
results we obtained were interpreted in the context of
shocks produced by the interaction of a protostellar jet with
the surrounding medium, and can be summarized as:
(i) High resolution radio images allow us to resolve the
object HH 80 in two components (A and G, according to
its identification at optical wavelengths). Both sources and
HH 81 are elongated in the jet direction, and have its max-
imum emission in the apex, being consistent with what is
expected in a bow shock formed by the interaction of a su-
personic jet with the ambient medium.
(ii) The soft X-ray emission in HH 80 (A and G) and
HH 81 is observed ahead of the radio peak and shows a
structure elongated in the direction perpendicular to the jet
axis.
(iii) HH 80N reveal a complex structure that was not
previously detected in HH objects, i.e., flattened in the
frontal region of the shock, with a slightly curved bow-like
shape, and a faint tail in the jet direction (towards the
protostar).
(iv) Objects HH 81A, HH 80A, and HH 80G identified in
the optical range, also present radio continuum (5.5 GHz)
and soft X-ray (0.3-1.2 keV) emission. These objects trace
strong shocks associated with [OIII] emission, in agreement
with their high velocities (300-500 km s−1). From the
spectral analysis we see that the X-ray emission can be
interpreted in terms of thermal radiation produced by
hot diffuse gas at high temperatures (∼ 106 K). On the
other hand, previous works have reported radio emission
with negative spectral indices, indicating the existence of a
non-thermal component in these objects.
(v) From items (1), (2), and (4) it follows that the
observed emission can be naturally explained by means of
a radiative forward shock, and an adiabatic reverse shock
(Mach disk), that take place in strong interactions of the jet
with the ambient medium. In the radiative forward shock,
material shocked in the molecular cloud can be heated
by compression and reach temperatures high enough to
produce soft X-ray thermal emission (ahead of the radio
emission). On the other hand, an adiabatic reverse shock
would be able to accelerate particles up to relativistic
energies, producing synchrotron emission detectable at
radio frequencies behind the forward shock.
(vi) HH 80C does not present radio nor [OIII] de-
tected emission, and its emission at soft X-rays corresponds
to optical emission of low ionization/excitation potential
(Hα+[NII] and [SII]). This implies that it would be the
case of a low velocity (74±46 km s−1) relatively weak shock,
strong enough to rise the medium temperature and produce
soft X-rays emission in the forward shock, but not energetic
enough to accelerate particles in the Mach disk and produce
detectable non-thermal radio emission.
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Figure 1. Radio continuum images at 5.5 cm of the HH 80-81 jet. The beam size is shown in the lower left corner of each panel. (a) Image
obtained with the JVLA radio interferometer in C configuration with a synthesized beam of 13′′ × 8′′ and PA 2◦, previously reported by
Carrasco-Gonza´lez et al. 2010. In this panel we present the full extent of the HH 80-81 jet; Herbig-Haro objects and the radio source
associated with the driving source of the jet (IRAS 18162-2048) are labeled. (b) HH 80N: contours correspond to intensity levels of 5, 6,
8, 9, and 10 times the rms (18 µJy beam−1) in the image obtained in 2012 (B configuration) using Briggs weighting (robust= 1.5, beam
2.′′19×1.′′32; PA 4.◦5). (c) HH 81: Image that combines 2009 (C conf.) and 2012 (B conf.) data, using Briggs weighting (robust= -1, beam
= 1.′′64 × 0.′′91; PA 2.◦78); contours correspond to intensity levels of 3, 5, and 7 times the rms, 15µJy beam−1. (d) HH 80: Image that
combines 2009 (C conf.) and 2012 (B conf.) data, using briggs weighting (robust= 0, beam = 2.′′92× 1.′′83; PA 2.◦43); contours correspond
to intensity levels of 3, 5, 7, and 9 times the rms, 15 µJy beam−1. Knots HH 81A, HH 81B, HH 80A, and HH 80G identified by Heathcote
et al. 1998 at optical wavelengths are labeled in panels (c) and (d).
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Figure 2. HH 80 and HH 81: Superposition of X-ray emission in different energy ranges, detected by the missions XMM-Newton (color
scale) and Chandra (contours). Upper and lower panels correspond to HH 81 and HH 80, respectively. Left panels show the total X-ray
emission (0.3-10.0 keV). Soft (0.3-1.2 keV) and hard (4.5-10.0 keV) X-ray emission are shown in central and right panels, respectively.
In the figure we also indicate the jet direction, i.e. the direction towards the driving source of the jet (dashed line), and the area where
XMM-Newton spectra were extracted (circle).
M
N
R
A
S
0
0
0
,
1
–
9
(2
0
1
8
)
Particle acceleration in the Herbig-Haro objects HH 80 and HH 81 9
REFERENCES
Ainsworth, R. E., Scaife, A. M. M., Ray, T. P., et al. 2014, ApJ,
792, L18
Anglada, G., Rodriguez, L. F., & Carrasco-Gonzalez, C. 2018,
arXiv:1806.06444
Araudo, A. T., Romero, G. E., Bosch-Ramon, V., & Paredes,
J. M. 2007, A&A, 476, 1289
Axford, W. I., Leer, E., & Skadron, G. 1977, International Cosmic
Ray Conference, 11, 132
Bally, J., Feigelson, E., & Reipurth, B. 2003, ApJ, 584, 843
Beck, R., & Krause, M. 2005, Astronomische Nachrichten, 326,
414
Bell, A. R. 1978, MNRAS, 182, 147
Bell, A. R. 1978, MNRAS, 182, 443
Blandford, R. D., & Ostriker, J. P. 1978, ApJ, 221, L29
Blondin, J. M., Fryxell, B. A., & Konigl, A. 1990, ApJ, 360, 370
Bosch-Ramon, V., Romero, G. E., Araudo, A. T., & Paredes,
J. M. 2010, A&A, 511, A8
Briggs, D. S. 1995, Bulletin of the American Astronomical Society,
27, 112.02
Carrasco-Gonza´lez, C., Rodr´ıguez, L. F., Anglada, G., et al. 2010,
Science, 330, 1209
Carrasco-Gonza´lez, C., Galva´n-Madrid, R., Anglada, G., et al.
2012, ApJ, 752, L29
Favata, F., Fridlund, C. V. M., Micela, G., Sciortino, S., & Kaas,
A. A. 2002, A&A, 386, 204
Fruscione, A., McDowell, J. C., Allen, G. E., et al. 2006,
Proc. SPIE, 6270, 62701V
Gabriel, C., Denby, M., Fyfe, D. J., et al. 2004, Astronomical
Data Analysis Software and Systems (ADASS) XIII, 314, 759
Garmire, G. P., Bautz, M. W., Ford, P. G., Nousek, J. A., &
Ricker, G. R., Jr. 2003, Proc. SPIE, 4851, 28
Girart, J. M., Rodriiguez, L. F., Anglada, G., et al. 1994, ApJ,
435, L145
Girart, J. M., Estalella, R., & Ho, P. T. P. 1998, ApJ, 495, L59
Girart, J. M., Ferna´ndez-Lo´pez, M., Li, Z.-Y., et al. 2018, ApJ,
856, L27
Gu¨ver, T., & O¨zel, F. 2009, MNRAS, 400, 2050
Haro, G. 1952, ApJ, 115, 572
Heathcote, S., Reipurth, B., & Raga, A. C. 1998, AJ, 116, 1940
Herbig, G. H. 1951, ApJ, 113, 697
Krymskii, G. F. 1977, Akademiia Nauk SSSR Doklady, 234, 1306
Liedahl, D. A., Osterheld, A. L., & Goldstein, W. H. 1995, ApJ,
438, L115
Lo´pez-Santiago, J., Peri, C. S., Bonito, R., et al. 2013, ApJ, 776,
L22
Marti, J., Rodriguez, L. F., & Reipurth, B. 1993, ApJ, 416, 208
Marti, J., Rodriguez, L. F., & Reipurth, B. 1995, ApJ, 449, 184
Masque´, J. M., Girart, J. M., Beltra´n, M. T., Estalella, R., & Viti,
S. 2009, ApJ, 695, 1505
Masque´, J. M., Rodr´ıguez, L. F., Araudo, A., et al. 2015, ApJ,
814, 44
Mewe, R., Gronenschild, E. H. B. M., & van den Oord, G. H. J.
1985, A&AS, 62, 197
Mewe, R., Lemen, J. R., & van den Oord, G. H. J. 1986, A&AS,
65, 511
Morrison, R., & McCammon, D. 1983, ApJ, 270, 119
O’C Drury, L., Duffy, P., & Kirk, J. G. 1996, A&A, 309, 1002
Padovani, M., Hennebelle, P., Marcowith, A., & Ferrie`re, K. 2015,
A&A, 582, L13
Padovani, M., Marcowith, A., Hennebelle, P., & Ferrie`re, K. 2016,
A&A, 590, A8
Pravdo, S. H., Feigelson, E. D., Garmire, G., et al. 2001, Nature,
413, 708
Pravdo, S. H., Tsuboi, Y., & Maeda, Y. 2004, ApJ, 605, 259
Pravdo, S. H., Tsuboi, Y., Suzuki, Y., Thompson, T. J., & Rebull,
L. 2009, ApJ, 690, 850
Raga, A. C., Noriega-Crespo, A., & Vela´zquez, P. F. 2002, ApJ,
576, L149
Reipurth, B., & Graham, J. A. 1988, A&A, 202, 219
Rodr´ıguez, L. F., & Reipurth, B. 1989, Rev. Mex. Astron. As-
trofis., 17, 59
Rodr´ıguez, L. F., Raga, A. C., Rodr´ıguez-Kamenetzky, A., &
Carrasco-Gonza´lez, C. 2018, Rev. Mex. Astron. Astrofis., 54,
57
Rodr´ıguez-Kamenetzky, A., Carrasco-Gonza´lez, C., Araudo, A.,
et al. 2016, ApJ, 818, 27
Rodr´ıguez-Kamenetzky, A., Carrasco-Gonza´lez, C., Araudo, A.,
et al. 2017, ApJ, 851, 16
Romero, G. E., Araudo, A. T., Bosch-Ramon, V., & Paredes,
J. M. 2010, High Energy Phenomena in Massive Stars, 422,
100
Tsujimoto, M., Koyama, K., Kobayashi, N., et al. 2004, PASJ,
56, 341
Vig, S., Veena, V. S., Mandal, S., Tej, A., & Ghosh, S. K. 2018,
MNRAS, 474, 3808
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–9 (2018)
10 A. Rodr´ıguez-Kamenetzky
Figure 3. XMM-Newton spectra in the range 0.3-10.0 keV: HH 80 (upper panel) and HH 81 (lower panel). Observed data are shown
with black crosses, whose length indicates the measurement errors. Dashed (red) and dot-dashed (blue) lines correspond to the thermal
and non-thermal fits, respectively, while the solid line shows the addition of both components.
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Figure 4. HH 80 and 81: Image composed of the superposition of data in the optical range (gray scale), radio (blue contours), and
X-rays (red and black contours). In gray scale we show optical images obtained with the HST in three filters (Hα+[NII], [SII], and [OII]).
In the central panels we indicate the jet direction, i.e., the direction from the central source IRAS (dashed arrow), while in the left
panels, we have labeled the knots identified by Heathcote et al. 1998 at optical wavelengths: A, B, C, and G. HH 81 (upper panels):
Radio continuum emission at 5.5 GHz (briggs weighting, robust=-1, beam size = 1.′′64× 0.′′91; PA 2.◦78); blue contours are intensity levels
corresponding to 3, 5, and 7 times 15 µJy beam−1. Red contours correspond to X-ray emission detected by Chandra (soft band: 0.3-1.2
KeV). HH 80 (lower panels): Radio continuum emission at 5 GHz (briggs weighting, robust=0, beam size= 2.′′92 × 1.′′83; PA 2.◦43); blue
contours are intensity levels corresponding to 3, 5, 7, 9, and 11 times 15 µJy beam−1). X-ray emission detected by Chandra is shown in
red (soft band, in the range 0.3-1.2 KeV) and black (hard band, in the range 4.5-10.0 keV) contours.
z
jet jetn   (z)
vrs bsv
ambn
M
θ v
Figure 5. Scheme: the leading working surface at the jet termination region is composed by a bow shock and a reverse shock. Here ÛM
represents the mass-loss rate, θ the opening angle of the flow, and vrs, vbs, njet and namb the reverse and forward shock velocities, and jet
and ambient number densities, respectively. Figure extracted from Rodr´ıguez-Kamenetzky et al. (2016).
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Table 1. Images Parameters. We present detailed information about the radio images we worked with. In the first column we list the
year at which the data were obtained. Second column correspond to the central frequency observed with a bandwidth listed in column
(4). The third column correspond to the VLA configuration, which refers to different antenna configuration. In column five we specify
the weighting used to made the images. This allows to obtain different angular resolution, as can be seen in column (6). The synthesized
beam correspond to a bidimensional Gaussian, whose major axis has a position angle listed in column (7).
Epoch Frequency Configuration Bandwidth Weighting Synthesized PA
(GHz) (GHz) Beam
2012a 5.5 B 2.0 Robust = 1.5 2.′′19 × 1.′′32 4.◦5
2009b 5.0 C 0.1 Natural 13′′ × 8′′ 2◦
2009/2012c 5.5 C/B 2.0 Robust = 0 2.′′92 × 1.′′83 2.◦4
2009/ 2012c 5.5 C/B 2.0 Robust = -1 1.′′64 × 0.′′91 2.◦8
a Reported by Rodr´ıguez-Kamenetzky et al. 2017
b Reported by Carrasco-Gonza´lez et al. 2010.
c Combined data from a and b .
Table 2. Spectral fit parameters. We present the parameters obtained from a spectral fit to soft X-ray emission associated with the HH
objects (listed in the first column). Columns (2), (3), and (4), are derived from a thermal fit and correspond to the hydrogen column
density, visual extinction, and energy, respectively. The energy allows to calculate the temperature of the emitting gas (column 5), and
the shock velocity (column 6). In column (7) we list the photon index γ of the power law fit.
Object NH AV kT T Vshock γ
HH (1022 cm−2) mag (keV) (106 K) (km s−1)
HH 81 0.7+0.2−0.3 3±1 0.10+0.05−0.10 1.3+0.6−1.2 290+68−136 0.9±0.2
HH 80 0.6+0.2−0.6 2.8
+0.8
−2.8 0.11
+0.05
−0.03 1.3
+0.6
−0.3 293
+68
−34 0.9±0.2
Errors with 1σ=68% confidence.
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